Triple negative breast cancer represents a heterogeneous group of breast carcinomas, both at the histologic and genetic level. Although recent molecular studies have comprehensively characterized the genetic landscape of these tumors, few have integrated a detailed histologic examination into the analysis. In this study, we defined the genetic alterations in 39 triple negative breast cancers using a high-depth targeted massively parallel sequencing assay and correlated the findings with a detailed morphologic analysis. We obtained representative frozen tissue of primary triple negative breast cancers from patients treated at our institution between 2002 and 2010. We characterized tumors according to their histologic subtype and morphologic features. DNA was extracted from paired frozen primary tumor and normal tissue samples and was subjected to a targeted massively parallel sequencing platform comprising 229 cancer-associated genes common across all experiments. The average number of non-synonymous mutations was 3 (range 0-10) per case. The most frequent somatic alterations were mutations in TP53 (74%) and PIK3CA (10%) and MYC amplifications (26%). Triple negative breast cancers with apocrine differentiation less frequently harbored TP53 mutations (25%) and MYC gains (0%), and displayed a high mutation frequency in PIK3CA and other PI3K signaling pathway-related genes (75%). Using a targeted massively parallel sequencing platform, we identified the key somatic genetic alterations previously reported in triple negative breast cancers. Furthermore, our findings show that triple negative breast cancers with apocrine differentiation constitute a distinct subset, characterized by a high frequency of PI3K pathway alterations similar to luminal subtypes of breast cancer.
cancers showed a high frequency of TP53 mutation (80%), whereas only 12% of luminal A and 29% luminal B tumors harbored TP53 mutations. PIK3CA is the most frequently mutated gene in luminal A (45%) and luminal B (29%) breast cancer. Although PIK3CA was the second most frequently mutated gene in triple negative breast cancers, the frequency of PIK3CA mutation in triple negative breast cancers was lower than that in luminal breast cancer, at 9-10%. 13, 14 While such studies have increased our understanding of the genetic landscape of triple negative breast cancer relative to other breast cancer subtypes, few have integrated a molecular genetic analysis of triple negative breast cancers with a detailed histologic evaluation.
In this study, we characterized the genetic alterations in a group of triple negative breast cancers and correlated the results with a detailed morphologic analysis. We utilized the Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) platform, 16, 17 a targeted next-generation sequencing assay targeting all coding regions and selected regulatory and intronic regions of 229 of the most common cancer genes.
Materials and methods

Patient Selection
This study was approved by the Memorial Sloan Kettering Cancer Center Institutional Review Board. Informed patient consent was obtained as appropriate, following the protocols approved by the Memorial Sloan Kettering Cancer Center Institutional Review Board. We identified patients with primary triple negative breast cancer treated at our institution between 2002 and 2010 through a search of the institution database. Triple negative breast cancer was defined as invasive breast carcinoma with estrogen receptor and progesterone receptor staining in less than 1% of the tumor cells by immunohistochemistry and no HER2 overexpression (defined as negative (0 to 1+) or equivocal (2+) staining by immunohistochemistry and no amplification by fluorescence in situ hybridization), in accordance with the American Society of Clinical Oncology/College of American Pathologists guidelines. [18] [19] [20] [21] We retrieved available frozen samples of paired primary tumor and normal tissue for the study. Patients who received neoadjuvant chemotherapy were excluded from the study.
Clinicopathological Review
Clinicopathological data for each patient, including age at diagnosis, BRCA1 germline mutation status, tumor characteristics (size, grade, special histologic subtypes, and morphologic features-details below), lymph node involvement, distant metastases, length of follow-up, and survival status, were recorded. All available slides were reviewed by two pathologists (HYW and REE) to assess the histologic features.
Special histologic subtypes (metaplastic carcinoma and carcinoma with apocrine differentiation) were defined according the 2012 WHO classification. 22, 23 Apocrine differentiation was defined as nuclear enlargement with prominent nucleoli and abundant, granular, eosinophilic cytoplasm. 23 Metaplastic carcinoma was defined as carcinoma with squamous differentiation, spindle cell morphology, or mesenchymal elements. 22 Other morphologic features commonly seen in triple negative breast cancer, such as a large central acellular zone of necrosis or fibrosis and tumorinfiltrating lymphocytes were also recorded. Large central acellular zone morphology was defined as the presence of a large, centrally located paucicellular or acellular area occupying 430% of the tumor area and not associated with extensive coagulative necrosis, squamous debris, or overt cartilaginous matrix production. 24 Tumor-infiltrating lymphocytes were scored as a percentage of the stromal areas occupied by mononuclear cells including lymphocytes and plasma cells, excluding granulocytes and other polymorphonuclear leukocytes. 25 Tumorinfiltrating lymphocytes were scored according to the recommendations by the International Tumor infiltrating Lymphocytes Working Group. 25 Tumors with ≥ 50% tumor-infiltrating lymphocytes were classified as having prominent tumor-infiltrating lymphocytes. 26 Triple negative breast cancers with none of these special features were classified as triple negative breast cancer not otherwise specified.
Immunohistochemistry for Androgen Receptor
Immunohistochemical staining was performed on representative 4-micron-thick sections in cases with available paraffin blocks using antibodies against the androgen receptor (DAKO AR441 clone; 1:75 dilution; pretreatment with citric buffer, pH 6.2; HRP detection; DAB chromogen). Scoring of androgen receptor paralleled the American Society of Clinical Oncology/College of American Pathologists guidelines for estrogen receptor and progesterone receptor. Nuclear staining for androgen receptor in ≥ 1% of tumor cells was considered positive.
DNA Extraction
DNA was extracted from paired frozen primary tumor (475% tumor content) and normal tissue samples using the DNeasy Blood and Tissue Kit (QIAGEN). DNA samples were subjected to targeted massively parallel sequencing using the MSK-IMPACT sequencing assay (details below). 16 The MSK-IMPACT Assay
Deep targeted sequencing of key cancer-associated genes was performed using the MSK-IMPACT assay. 16 In this assay, target-specific oligonucleotide probes were designed to capture all protein-coding exons of the most common cancer-related genes (229 genes at the time of this study; Supplementary  Table 1 ) for hybrid selection (Agilent SureSelect or Nimblegen SeqCap) as previously described. 17, 27 For 26 samples (13 tumor/normal pairs), barcoded sequence libraries (Illumina TruSeq) were prepared using 500 ng of input tumor or matched normal DNA according to the manufacturer's instructions. Libraries were pooled at equimolar concentrations (100 ng per tumor library and 50 ng per normal library) for a single exon capture reaction (Agilent SureSelect) as previously described. For the remaining samples, barcoded sequence libraries were prepared using 250 ng of input DNA using a hybrid protocol on the basis of the NEBNext DNA Library Prep Kit (New England Biolabs). Manufacturer's instructions were followed with two substitutions: we used NEXTflex barcoded adapters (Bio Scientific) and HiFi DNA polymerase (Kapa Biosystems). Libraries were pooled at 100 ng per tumor library and 50 ng per normal library and captured using custom biotinylated DNA probes (Nimblegen SeqCap). To prevent off-target hybridization in all capture reactions, we spiked in a pool of blocker oligonucleotides complementary to the full sequences of all barcoded adaptors (to a final total concentration of 10 μM). Hybridized DNA was sequenced on an Illumina HiSeq 2000 to generate paired-end 75-bp reads.
Data were demultiplexed using CASAVA, and reads were aligned to the reference human genome (hg19) using the Burrows-Wheeler Alignment tool. 28 Local realignment and quality score recalibration were performed using the Genome Analysis Toolkit (GATK) according to GATK best practices. 29 We achieved mean exon sequence coverage of 507 × (678 × for all tumor samples and 348 × for all normal samples). Deep sequencing ensured sensitivity for detecting mutations in multiclonal and stromaadmixed samples and enabled accurate determination of mutation allele frequencies.
Sequence data were analyzed to identify three classes of somatic alterations: single-nucleotide variants, small insertions/deletions (indels), and copy number alterations, adopting the CLIA-compliant analysis methods as previously published. 16 Singlenucleotide variants were called using MuTect, 30 and retained if the variant allele frequency in the tumor was 45 times that in the matched normal. Indels were called using the SomaticIndelDetector tool in GATK. 29 Somatic single-nucleotide variants and small indels with variant allele frequency o 5% were excluded. All candidate mutations and indels were further reviewed manually using the Integrative Genomics Viewer. 31 The mean sequence coverage was calculated using the DepthOfCoverage tool in GATK and was used to compute copy number. Copy number gains and losses were determined by calculating the tumor to normal ratio in normalized sequence coverage across all target exons following a loss normalization to adjust for G/C content. Ratios o 0.5 were considered as deletions, between 0.5 and 0.7 were considered copy number losses, between 1.3 and 1.5 were considered copy number gains, and ratios 41.5 were considered as amplifications.
Mutation Significance Analysis
Mutations resulting in frameshift insertions or deletions (indels) and those involving splice sites or resulting in nonsense mutations were considered pathogenic. We assessed the functional effects of missense mutations using CHASM, 32 FATHMM, 33 Mutation Assessor, 34 Mutation Taster, 35 and Polyphen-2. 36 Mutations predicted to be deleterious or cancer drivers by at least two algorithms were considered potential driver mutations. Deleterious or pathogenic classifications from Mutation Taster and Polyphen-2 were counted as one as these two algorithms frequently returned the same predictions and were underpinned by similar bioinformatic principles. In-frame indels were considered pathogenic if predicted to be deleterious by either PROVEAN 37 or Mutation Taster.
Sanger Sequencing
Putative somatic mutations in selected genes of interest identified by MSK-IMPACT sequencing were further investigated by Sanger sequencing. Primer sets that amplify mutated exons of the selected genes were designed as previously described 38 and are available in Supplementary  Table 2 . PCR amplification of 5ng of genomic DNA was performed using the AmpliTaq 360 Master Mix Kit (Life Technologies) on a Veriti Thermal Cycler (Life Technologies) as previously described. 38 PCR fragments were purified (ExoSAP-IT, Affymetrix) and sequenced on an ABI 3730 capillary sequencer using the ABI BigDye Terminator chemistry (v3.1, Life Technologies). Sequences of the forward and reverse strands were analyzed using MacVector software (MacVector), 38 and all analyses were performed in duplicates. Representative Sanger sequencing chromatograms of validated mutations are shown in Supplementary Figure 1 . Of the 26 putative somatic mutations selected, 24 were successfully validated ( Supplementary Table 3 ), resulting in an overall validation rate of 92%, providing confidence to include the remaining putative mutations not subjected to Sanger sequencing. The two variants that failed Sanger sequencing were removed from further analyses.
Statistical Analysis
Statistical analysis of clinicopathologic data was performed using a two-tailed student t-test for continuous variables and a Fisher's exact test for categorical variables. Mutational frequencies and GISTIC2 copy number data for the triple negative breast cancers from the Cancer Genome Atlas were obtained from the publication data portal (https:// the Cancer Genome Atlas -data.nci.nih.gov/docs/ publications/brca_2012/). For the statistical analysis comparing proportion of cases affected by nonsynonymous mutational or copy number alterations (amplifications and deletions, or 2 and -2 in the GISTIC2 copy number data) in a particular gene between the current cohort and triple negative breast cancers from the Cancer Genome Atlas and between subtypes of triple negative breast cancers within the current cohort, Fisher's exact test for nonparametric variables was used, with all probabilities reported as two-tailed. P-values o 0.05 were considered statistically significant. All analyses were performed using R v3.0.2.
Results
Clinicopathologic Characteristics of the Patients
Clinicopathological characteristics of the patients are summarized in Table 1 . All patients were female. The median age at diagnosis was 43 years (range 28-78). Fourteen patients had genetic testing for BRCA germline mutations and nine were found to be BRCA1 germline mutation carriers. The median tumor size was 2.9 cm (range 1.2-8.5). Most cases had high tumor grade (histologic grade III and nuclear grade III). Four (10%) cases had apocrine differentiation, 1 (3%) case was a metaplastic carcinoma with chondroid matrix production, and the remaining 34 (87%) triple negative breast cancers were invasive ductal carcinoma of no special type as defined by the WHO classification criteria ( Figure 1 ). 39 Of these, six (15%) had a large central acellular zone and six (15%) had prominent tumorinfiltrating lymphocytes ( Figure 1 ). Cases with a large central acellular zone and prominent tumorinfiltrating lymphocytes did not overlap. The remaining 22 triple negative breast cancers (56%) had no special morphologic features (triple negative breast cancer not otherwise specified).
Lymph node involvement at presentation was seen in 19 (49%) patients, and 17 (44%) patients developed distant metastases. The most common site of distant metastasis was lung (n = 11), followed by bone (n = 6), brain (n = 5), and liver (n = 2). Six patients had distant metastases to multiple sites. Sixteen (41%) patients died from their breast cancer at a median follow-up interval of 62 months (range 10-143).
Immunohistochemistry
Paraffin blocks were available in 30 of 39 cases, including 17 triple negative breast cancers not otherwise specified, 5 tumors with prominent tumor-infiltrating lymphocytes, 4 tumors with a large central acellular zone, and all 4 triple negative breast cancers with apocrine differentiation. Four tumors were positive for androgen receptor by immunohistochemistry; three of these were triple negative breast cancers with apocrine differentiation and the remaining case was triple negative breast cancer not otherwise specified (75 vs 4%; P = 0.0038).
Somatic Mutations and Copy Number Alterations
The average depth of sequencing was 678 × for tumor samples and 348 × for normal samples. Among the 229 genes profiled across our entire cohort, the average number of non-synonymous mutations per case was 3.33 (range 0-10), significantly higher than that of the triple negative breast cancers in the Cancer Genome Atlas data set (mean 2.37, range 0-7, P = 0.008737, Mann-Whitney U test). The most frequently mutated genes in our cohort were TP53 (29 cases, 74%), followed by KMT2D (also known as MLL2, 6 cases, 15%) and PIK3CA (4 cases, 10%) ( Figure 2 ). While the frequencies of TP53 and PIK3CA mutations are similar to those of triple negative breast cancers reported by the Cancer Genome Atlas and other studies, 13, 14 mutations in MLL2 were significantly more frequent in our cohort than in triple negative breast cancers from the Cancer Genome Atlas (MLL2: 6/39 (15%) vs 2/78 cases (3%), P = 0.0162, Fisher's exact test). Other statistically significant differences between our cohort and the cohort of triple negative breast cancers from the Cancer Genome Atlas include the frequency of KDM6A, JAK1, and PIK3R1 mutations, each present in three cases (8%) in our cohort in contrast to none of the cases in the Cancer Genome Atlas cohort (P = 0.0351, Fisher's exact tests).
The overall pattern of copy number alterations in this cohort is similar to that in the triple negative breast cancers from the Cancer Genome Atlas breast cancer study ( Figure 3 ). The most frequent copy number alterations in this cohort were amplifications of MYC (10 cases, 26%), MCL1 (6 cases, 15%), and DDR2 (6 cases, 15%) and deletions of CDKN2A/ CDKN2B (2 cases, 5%) ( Figure 2 ). Amplifications of PIK3C2G were more frequent in our cohort than that of the triple negative breast cancers in the Cancer Genome Atlas cohort (4/39, 10% vs 0/78, 0%, P = 0.011, Fisher's exact test).
Genetic Alterations by Histologic Subtypes and Morphologic Features
We next performed an exploratory, hypothesisgenerating analysis of the repertoire of somatic genetic alterations found in triple negative breast cancers according to histologic subtypes and specific morphologic features (Table 2 and Figure 4 ).
Triple Negative Breast Cancer Not Otherwise Specified
Triple negative breast cancer not otherwise specified comprised the majority of the cases in our study (22/39, 56%) . No statistically significant differences in age, tumor size, grade, lymph node involvement, distant metastases, or survival were seen between the triple negative breast cancer not otherwise specified group and the overall cases in our cohort. The average number of non-synonymous mutations per case in the triple negative breast cancer not otherwise specified group was 3.41 (range 0-10), significantly higher than that of the triple negative breast cancers in the Cancer Genome Atlas cohort (mean 2.37, range 0-7) (P = 0.01567, Fisher's exact test). The most frequently mutated genes in this group were TP53 (18 cases, 82%) followed by MLL2 (3 cases, 14%), mirroring the findings in our overall cohort. PIK3CA mutations, however, were infrequent in this group, limited to only one case (5%). None of the above mutations was significantly different in frequency from that of the triple negative breast cancers in the Cancer Genome Atlas cohort. Mutations that reached statistical significance (despite having a lower mutation frequency than TP53 or MLL2) include JAK1, TBK1, and TGFBR2, each present in two (9%) cases in our study and in none of the cases in the triple negative breast cancers in the Cancer Genome Atlas cohort (P = 0.047). The vast majority of the highest frequency copy number alterations (amplifications of MYC, MCL1, and DDR2) were seen in this group (Figure 4 ).
Triple Negative Breast Cancer with Apocrine Differentiation
Triple negative breast cancer with apocrine differentiation (apocrine triple negative breast cancer) comprised a small subset of the cases in our cohort (4/39, 10%). Patients with apocrine triple negative breast cancer were older (mean age 64 years) than patients with non-apocrine triple negative breast cancer (mean age 45 years) (P = 0.01303, two-tailed student t-test). Apocrine triple negative breast cancers had lower histologic and nuclear grade than non-apocrine triple negative breast cancers (Table 1) . Specifically, 50% of the apocrine triple negative breast cancers had histologic grade II vs only 5% of the non-apocrine triple negative breast cancers (P = 0.04512, Fisher's exact test); similarly 50% of apocrine triple negative breast cancers had nuclear grade II vs only 3% of the non-apocrine triple negative breast cancers (P = 0.02342, Fisher's exact Genetic alterations of triple negative breast cancer test). Patients with apocrine triple negative breast cancer also appeared to have smaller tumor size (median size 1.7 cm, range 1.4-2.5 cm), a lower rate of distant metastasis (one case, 25%), and a lower rate of death from breast cancer (one case, 25%); however, none of these differences reached statistical significance. The average number of non-synonymous mutations per case in the apocrine triple negative breast cancer group was 4.5 (range 3-8), significantly higher than that of the triple negative breast cancers of the Cancer Genome Atlas cohort (mean 2.37, range 0-7, P = 0.03145, Mann-Whitney U test). Apocrine triple negative breast cancers displayed a distinctive repertoire of somatic genetic alterations, characterized by less frequent TP53 mutations (one of four cases, 25%) than in other morphologic subgroups of triple negative breast cancers from our cohort and from triple negative breast cancers from the Cancer Genome Atlas (P = 0.027, Fisher's exact test). The most commonly mutated genes in the apocrine triple negative breast cancer group were PIK3CA and NF1, each mutated in two cases (50%). Although the relative frequencies of PIK3CA mutations in the apocrine triple negative breast cancer group and the triple negative breast cancers of the Cancer Genome Atlas cohort did not reach statistical significance, a trend was observed toward higher frequency of PIK3CA mutations in the apocrine triple negative breast cancer group (two cases (50%) in apocrine triple negative breast cancer; seven cases (9%) in triple negative breast cancers of the Cancer Genome Atlas cohort, P = 0.058, Fisher's exact test). In addition, an apocrine triple negative breast cancer without PIK3CA mutation in our study showed a mutation in PIK3R1. Accordingly, if all activating mutations in PI3K pathway components are considered, apocrine triple negative breast cancers displayed significantly more frequent mutations affecting canonical genes of the PI3K pathway, including PIK3CD, PIK3R1, and AKT1, than triple negative breast cancers from the Cancer Genome Atlas study (three cases (75%) of apocrine triple negative breast cancers vs eight cases (10%) triple negative breast cancers of the Cancer Genome Atlas cohort, P = 0.0069, Fisher's exact test). In the immunohistochemical analysis of AR expression in apocrine triple negative breast cancers, all but one case expressed androgen receptor ( Figure 5 ). The case that lacked androgen receptor expression was re-evaluated morphologically and the apocrine histologic features were confirmed (Figure 5c and d) . This case harbored a PIK3CA mutation.
NF1 mutations were more frequently observed in the apocrine triple negative breast cancer group in our cohort than in triple negative breast cancers of the Cancer Genome Atlas cohort (2/4, 50% vs 2/78, 3%, P = 0.010, Fisher's exact test). Other genes with significantly higher mutation frequency in the apocrine triple negative breast cancer group in our study included known cancer genes such as DIS3, JAK1, MET, NCOA2, and PTPN11, all of which were mutated in a single case each (25%) in our apocrine triple negative breast cancer group and in none of the triple negative breast cancer cases in the Cancer Genome Atlas data set (all P = 0.047, Fisher's exact tests).
Apocrine triple negative breast cancers had a lower level of genetic instability, with few amplifications and deletions (Figure 4) . No recurrent copy number alterations were identified in this group.
Metaplastic Carcinoma
There was a single case of metaplastic carcinoma (matrix producing type) in this study. The tumor measured 2.5 cm and was high grade. Lymph nodes were not involved at presentation, but the patient developed brain metastasis and died of disease Figure 2 The landscape of somatic genetic alterations in triple negative breast cancers. Top panels: the repertoire of somatic nonsynonymous mutations in our triple negative breast cancer cohort as compared with the corresponding genes in triple negative breast cancers in the Cancer Genome Atlas Cohort. Bottom panels: the genes amplified in at least 10% of our triple negative breast cancer cohort or deleted in at least 5% of our triple negative breast cancer cohort, as compared with the same genes in triple negative breast cancers in the Cancer Genome Atlas cohort. LCAZ, large central acellular zone; NOS, not otherwise specified; TCGA, the Cancer Genome Atlas; TNBC, triple negative breast cancer; TILs, prominent tumor-infiltrating lymphocytes. 71 months following breast cancer diagnosis. The number of non-synonymous mutations in this case was 3, not different from that of the triple negative breast cancers from the Cancer Genome Atlas study (mean 2.37, range 0-7, P = 0.4572, Mann-Whitney U test). This tumor harbored mutations affecting TP53, KDM6A, and MLL3. A separate study of genetic alterations in a larger cohort of metaplastic carcinoma is ongoing.
Triple Negative Breast Cancer with a Large Central Acellular Zone
Six (15%) triple negative breast cancers had a large central acellular zone. Patients with large central acellular zone tumors demonstrated a trend toward higher rates of distant metastasis (67%) and death from disease (50%), although it did not reach statistical significance. We found no statistically significant differences in age, tumor size, grade, or frequency of lymph node involvement between the triple negative breast cancer with a large central acellular zone group and other patients in our cohort. The average number of non-synonymous mutations per case in the large central acellular zone group was 2.5 (range 1-6), not significantly different from that of the triple negative breast cancers from the Cancer Genome Atlas study (mean 2.37. range 0-7, P = 0.2691, Mann-Whitney U test). The most commonly mutated gene in the large central acellular zone group were TP53 (four cases, 67%) followed by KDM6A (two cases, 33%). We observed a trend toward a higher percentage of KDM6A Figure 3 Frequency of copy number aberrations in our triple negative breast cancer cohort as compared with triple negative breast cancers in the Cancer Genome Atlas cohort. MSKCC, Memorial Sloan Kettering Cancer Center; TCGA, the Cancer Genome Atlas; TNBC, triple negative breast cancer.
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Genetic alterations of triple negative breast cancer PS Weisman et al mutations in the triple negative breast cancer with large central acellular zone group than in the triple negative breast cancer not otherwise specified group (triple negative breast cancer with a large central acellular zone: 2/6, 33%; triple negative breast cancer not otherwise specified: 2/22, 9%), although this difference did not reach statistical significance (P = 0.191, Fisher's exact test). In both groups, the frequency of KDM6A mutations was significantly higher than of that of triple negative breast cancers from the Cancer Genome Atlas study, which did not show any KDM6A mutations (large central acellular zone vs triple negative breast cancers in the Cancer Genome Atlas cohort, P = 0.004; triple negative breast cancer not otherwise specified vs triple negative breast cancers in the Cancer Genome Atlas cohort, P = 0.047, Fisher's exact tests). Two (33%) of the cases in the large central acellular zone group had amplification of ATM-a significantly higher frequency than that of triple negative breast cancers in the Cancer Genome Atlas cohort (one case, 1%; P = 0.012, Fisher's exact test).
Tumors with Prominent Tumor-infiltrating Lymphocytes
Six (15%) triple negative breast cancers had prominent tumor-infiltrating lymphocytes. Although patients in the prominent tumor-infiltrating lymphocytes group were younger than patients without prominent tumor-infiltrating lymphocytes (mean age 38.5 years vs 48.36 years; P = 0.1319), this did not reach statistical significance. No statistically significant differences in tumor size, grade, lymph node involvement, distant metastases, or death from breast cancer were seen between the prominent tumorinfiltrating lymphocytes group and the other groups in this cohort. The average number of nonsynonymous mutations per case in the tumors with prominent tumor-infiltrating lymphocytes group was 3.17 (range 0-6), not significantly different from that of the triple negative breast cancers from the Cancer Genome Atlas study (mean 2.37, range 0-7, P = 0.3691, Mann-Whitney U test). The genes most frequently mutated in triple negative breast cancer with prominent tumor-infiltrating lymphocytes group were TP53 (five cases, 83%) and MLL2 (two cases, 33%). None of the mutations in triple negative breast cancers with prominent tumor-infiltrating lymphocytes reached statistical significance as compared with the triple negative breast cancers in the Cancer Genome Atlas cohort. Recurrent amplifications in the prominent tumorinfiltrating lymphocytes group were seen in CCNE1 (two cases, 33%) and MCL1 (two cases, 33%). Of these, the amplification of CCNE1 was significantly more frequent in triple negative breast cancers with prominent tumor-infiltrating lymphocytes as compared with the triple negative breast cancers in the Cancer Genome Atlas cohort (two cases (33%) and two cases (2.6%), respectively; P = 0.024, Fisher's exact test).
Genetic Alterations in BRCA1 Germline Mutation Carriers
Nine patients were BRCA1 germline mutation carriers. BRCA1 germline mutation carriers were younger than the other patients in our cohort (mean age 34.2 years vs 50.6 years; P = 0.002). No statistically significant differences in tumor size, grade, lymph node involvement, distant metastases, or death from breast cancer were seen between the BRCA1 germline mutation carriers and the other patients in our study. Most (8/9, 89%) of BRCA1 germline mutation carriers had triple negative breast cancer not otherwise specified. One patient (1/9, 11%) had triple negative breast cancer with prominent tumor-infiltrating lymphocytes. The average number of non-synonymous mutations per case in BRCA1 germline mutation carriers' tumors was 4.44 (range 1-10) and was significantly different from that of the triple negative breast cancers from the Cancer Genome Atlas study (mean 2.37, range 0-7, P = 0.0186). The most frequently mutated gene in tumors from BRCA1 germline mutation carriers was TP53 (8 cases, 89%), a frequency similar to that reported for triple negative breast cancers from the Cancer Genome Atlas cohort (64 cases, 82%; P = 1.00). 
Most frequent copy number alterations (amplifications)
Abbreviations: LCAZ, large central acellular zone; NOS, not otherwise specified; TILs, tumor-infiltrating lymphocytes; TNBC, triple negative breast cancer.
Discussion
Although the genomic landscape of triple negative breast cancers is heterogeneous and complex, here, we show that many of the key somatic genetic alterations in triple negative breast cancers elucidated by studies using large scale genomic analysis techniques can be detected using a targeted next-generation sequencing assay (MSK-IMPACT) in routine clinical use at our institution. 16 Moreover, we show that the histologic analysis of triple negative breast cancers can provide useful information regarding the predicted somatic genetic landscape of individual triple negative breast cancer tumors. For instance, mutations in TP53 and PIK3CA are known to predominate in triple negative breast cancers, being reported in approximately 80% and 10% of triple negative breast cancers, respectively. 13, 14 We found similar mutation frequencies in our cohort, in which TP53 and PIK3CA mutations were present in 74% and 10% of cases, respectively. However, these findings did not apply to all morphologic subtypes of triple negative breast cancer. For example, activating mutations in both PIK3CA as well as other key PI3K pathway components were enriched within the apocrine triple negative breast cancer group (75% of cases), a subset of triple negative breast cancers found to express androgen receptor more frequently than other forms of triple negative breast cancer. Lehmann et al 40 also found PIK3CA mutations in 40% of their luminal androgen receptor tumors, a molecular subtype thought to be enriched in triple negative breast cancer with apocrine morphology, but did not correlate the findings with histologic analysis. Although our study did not include transcriptomic profiling analysis, we speculate that triple negative breast cancers that express androgen receptor in our study would strongly correlate with the luminal androgen receptor subtype described by Lehmann et al 41 and Burstein et al, 42 because it has been reported that androgen receptor mRNA was highly expressed in the luminal androgen receptor subtype, much relative to all other subtypes. 41 To the best of our knowledge, our study is the first comprehensive analysis of apocrine triple negative breast cancers as defined by histologic features. Our study also demonstrated that, relative to the triple negative breast cancers from the Cancer Genome Atlas dataset, apocrine triple negative breast cancers displayed a significantly higher rate of PI3K pathway mutations and NF1 mutations and a significantly lower rate of TP53 mutations and copy number aberrations. The high frequency of PI3K pathway mutations in apocrine triple negative breast cancer is more similar to that in luminal types of breast cancers. For the mutations targeted by our assay, we observed a significantly higher number of somatic non-synonymous mutations per case in our triple negative breast cancer cohort as compared with that reported in the triple negative breast cancers in the Cancer Genome Atlas dataset. This is likely due to the higher depth of coverage and more sensitive detection that is possible with the MSK-IMPACT platform as compared to the whole exome sequence analysis used by the TCGA study, given that we achieved a coverage of at least 77% (tumors: median 98%, range 84-99%; normal: median 96%, range 77-98%) at 100 × depth compared with the Cancer Genome Atlas requirement of including samples with at least 70% coverage at 20 × depth. Additionally, we used MuTect for calling SNVs, which has been shown to be more sensitive than VarScan 2 and SomaticSniper used by the Cancer Genome Atlas. [43] [44] [45] As the genes targeted by our assay include actionable and potentially actionable targets, these results are of particular interest with regard to the treatment of triple negative breast cancers as a lack of recurrent actionable targets is the basis for the reliance on cytotoxic agents as a means for systemic therapy.
This study has several limitations. First, the relatively small number of cases in each morphologic group renders the analysis performed exploratory and hypothesis-generating. Second, we have surveyed the presence of somatic genetic alterations affecting 229 genes. Hence, we cannot exclude the possibility that additional differences between specific subtypes of triple negative breast cancer may be present if whole exome or whole genome sequencing was performed. In fact, rare subtypes of triple negative breast cancer, such as adenoid cystic carcinomas, have been shown to be driven by recurrent MYB-NFIB fusion genes. 9 Nevertheless, as a proof-of-concept study, our findings demonstrate that a next-generation sequencing panel (MSK-IMPACT) can reproduce findings similar to those obtained by genomic studies carried out on a much larger scale 13, 14 and that a careful morphologic analysis of triple negative breast cancers can provide useful information regarding the somatic genetic composition of individual tumors. Furthermore, our findings suggest that triple negative breast cancers with apocrine differentiation likely display a landscape of somatic genetic alterations distinct from that of other triple negative breast cancers. Given these observations, further studies dissecting the genomic landscape of specific subsets of triple negative breast cancers are warranted. Figure 5 Immunohistochemical staining for androgen receptor in triple negative breast cancer with apocrine differentiation (apocrine triple negative breast cancer). (a and b) An example of androgen receptor-positive apocrine triple negative breast cancer; H&E and androgen receptor immunohistochemical stain; (c and d) The apocrine triple negative breast cancer that was androgen receptor-negative but harbored a PIK3CA mutation; H&E and androgen receptor immunohistochemical stain.
